The preparation of metal nanoparticles (Pd, Ni, Sn) supported on sulfonated multi-walled carbon nanotubes (SF-MWCNTs) using a very rapid microwave-assisted solvothermal strategy has been described. Electrocatalytic behavior of the SF-MWCNT-Pd and its 'mixed' bimetallic electrocatalysts (i.e., SF-MWCNT-PdSn mix and SF-MWCNT-PdNi mix ) towards ethanol oxidation in alkaline medium was investigated. The result shows that the mixed Pd-based catalysts (obtained by simple ultrasonic-mixing of the individual MWCNTmetal nanocomposites) gave better electrocatalytic activity than their alloy nanoparticles (obtained by co-reduction of metal salts) or Pd alone. The SF-MWCNT platform gave better electrocatalytic performance compared to the unsulfonated and commercial Vulcan carbons. Detailed electrochemical studies (involving cyclic voltammetry, chronoamperometry, chronopotentiometry, and impedance spectroscopy) prove that the electrocatalytic oxidation of ethanol at the SF-MWCNT-PdNi mix platform is more stable, occurs at lower potential, gives lower Tafel slopes, with faster charge-transfer kinetics compared to its SF-MWCNT-PdSn mix counterpart. Also, result revealed that SF-MWCNT-PdNi mix is more tolerant to CO poisoning than the SF-MWCNT-PdSn mix . The results provide some important insights into the electrochemical response of microwavesynthesised Pd-based bimetallic catalysts for potential application in direct ethanol alkaline fuel cell technology. 3
Introduction
Direct alcohols alkaline fuel cells (DAAFCs) are electrochemical devices that convert chemical energy stored in liquid alcohols into electricity operating in alkaline medium [1] [2] [3] . The commercialization of direct alcohol fuel cells has been limited due to the use of the platinum catalyst which is expensive. Palladium (Pd)based electrocatalysts have begun to attract intense research interest in DAAFCs as attractive potential replacement for the current platinum (Pt)-based electrocatalysts. This is mainly because Pd is more abundant in nature than Pt, and exhibits unique electrocatalytic properties towards alcohol oxidation in alkaline media [4] .
Support materials play an important role on the performance of electrocatalysts for fuel cells. Different materials that have been studied as electrocatalysts' supports include carbon nanotubes (CNTs) [5] [6] [7] [8] [9] [10] [11] carbon blacks [12] , carbon microspheres [13] , tungsten carbides [14-16], carbon nanofibers [17] and TiO 2 nanotubes [18] . Indeed, due to their high mechanical strength, excellent conductivity, and high surface areas, CNTs are 4 increasingly becoming attractive supports for electrocatalysts for electrochemical energy storage and conversion systems [19] [20] [21] .
However, for the CNTs to be effectively used as support materials, they need to be functionalized to enhance their dispersibility in solvents, and to permit anchorage of the metal. Some notable methods of functionalizing CNTs include acid treatments [22, 23] and sulfonation processes [24, 25] .
The methods used in preparing electrocatalysts have great influence on the structure, size, morphology, and hence the catalytic properties of the catalysts. The microwave-assisted solvothermal synthesis (MWAS) is an attractive synthetic strategy for the preparation of nanosized catalysts [26] [27] [28] . It is faster, cleaner, simpler than the conventional borohydride reduction methods [26] [27] [28] . For example, Manthiram and co-workers [28] recently reported that alloys, synthesised by the MWAS strategy, enhanced electrocatalytic reduction of oxygen compared to their counterparts synthesised by the conventional borohydride reduction method.
This study reports the preparation of metal nanoparticles (Pd, Ni, Sn) supported on sulfonate-functionalized multi-walled carbon nanotubes (SF-MWCNTs) using the fast MWAS approach within a very short reaction time at temperatures as low as 170 °C without the need for post-synthesis heat treatments. We also prove that the PdM nanocomposite mixtures (obtained by ultrasonic-mixing of the 5 individual Pd and Ni or Sn) rather than their bimetallic nanoalloys (obtained by co-reduction process) can serve as efficient electrocatalysts for the oxidation of ethanol in alkaline medium. Our result clearly reveals from voltammetric and impedance data that these SF-MWCNT-PdM nanocomposites exhibit an appreciable level of tolerance to carbon monoxide (CO) poisoning during ethanol oxidation.
Experimental

Materials and reagents
Absolute of analytical grade and were used as received from the suppliers without further purification.
Sulfonate-functionalization of MWCNTs
The pristine MWCNTs were first purified and COO-functionalized as described previously [22, 23] 
Instruments and Procedures
The transmission electron microscope (TEM) micrographs were obtained using a JEOL 2010 TEM system operating at 200 kV. The 
Results and discussion
Significance of the microwave synthetic method
Scheme 1 summarises the synthetic process adopted in this work.
To our knowledge, this is the first instance microwave-assisted synthetic strategy has been employed to support Pd, Ni and Sn nanoparticles onto sulfonate-functionalized MWCNTs. Microwave method is highly advantageous over the conventional borohydride reduction methods; the reaction mechanism of microwave methodology is described elsewhere [28, 30] . The MWAS method provides a uniform nucleation environment and offers highly crystalline monodispersed metal nanoparticles. In this method, ethylene glycol (EG) was used as the solvent, as it can be rapidly heated by microwave radiation, provides the reducing environment for the reaction to prevent the oxidation of the metal catalysts, acts as a stabiliser, limiting particle growth, and prohibiting agglomeration. The metal ions coordinate with the functional groups (i.e., -COOH, -C=O, and -SO 3 H) on the MWCNTs, functioning as a nucleation precursors that are finally reduced to produce metal nanoparticles on the MWCNTs. The pH of the synthesis solution greatly influences the stability and size of metal particles. EG is believed to be oxidized to acetic acid at high pH which then acts as a stabilizer. Thus, in this work, the synthesis pH was increased to ~7.4 as reported by Zhao et al. [31] . The electrochemically-active surface area (EASA) was estimated from the PdO reduction peak. The SF-MWCNT-PdSn mix (63.58 m 2 g -1 )
Spectroscopic and microscopic characterisation
gave higher value than the SF-MWCNT-PdNi mix (58.82 m 2 g -1 ) and SF-MWCNT-Pd (60.44 m 2 g -1 ) catalysts, meaning that Sn has more influence on the EASA of the Pd. Note that the voltammetric curves obtained here are characteristic of ethanol oxidation in alkaline media at Pd-based electrodes. The mechanism of ethanol oxidation is still a subject of some controversy [1, 36, 37] 
OH -OHads + e - The onset potential for ethanol oxidation is the same for the three electrocatalysts. However, when compared with other electrocatalytic parameters (current density and the I f /I b ratio) summarised in Table 1 , the SF-MWCNT-PdSn mix is the most of αn ≈ 0.3 for all the electrodes, the n = 3 for ethanol oxidation [38, 40] . Thus α ≈ 0.1, indicative of the irreversibility of the ethanol oxidation process [40] . The Tafel data also suggest that similar reaction mechanism is probably operating at the three electrodes.
Comparative electrocatalytic oxidation of ethanol
Tafel slopes higher than 118 mV dec -1 as obtained here are characteristic of porous electrode with high internal surface area leading to high electrocatalytic activities [49] . Charge transfer control region is very narrow on such electrodes and mass transport interferences cannot be totally ignored.
Stability studies: Chrono-analysis
Chronopotentiometric experiments were performed to provide further insights into stability of each of the electrodes. Figure 10 shows 
Effect of carbon monoxide on ethanol oxidation
Adsorption of carbon monoxide (CO) or CO-like species on the surface of the electrocatalyst is used to evaluate the extent to which an electrocatalyst can tolerate poisoning in a fuel cell system [46, 51] . Figure 11 
Electrochemical impedance analysis
Electrochemical impedance spectroscopy (EIS) is a sensitive technique for determining the heterogeneous electron transfer kinetics [52] [53] [54] [55] , as well as the electrocatalytic oxidation kinetics of small organic molecules in fuel cells [44] [45] [46] . At high ethanol concentration, the electrocatalyst becomes easily saturated, presumably, as also proposed by others [40, 56] , due to the depletion of OH ads by CH 3 CO ads at the electrode surface.
Simply put, at low ethanol concentrations, the reactions are governed by the diffusion of ethanol due to excessive OHions, whereas at high concentration the reactions are governed by the diffusion of OHions due to excessive ethanol. The same behaviour was also observed with cyclic voltammetry. From the plots of η vs log i (Figure 13 ), the Tafel slopes were smaller (178 -186 mV dec -1 ) for the SF-MWCNT-PdNi mix than for the SF-MWCNT-PdSn mix (210-255 mVdec -1 ) at all ethanol concentrations studied. Figure 14 shows the dependence of log i vs log C ethanol at various fixed potentials from a region where the quasi-steady state curves obey the Tafel equation. The reaction order of ethanol at SF-MWCNT-PdSn mix is almost independent of potential, and slightly higher than observed at the SF-MWCNT-PdNi mix (Table 3) . At higher potentials, the reaction order is approximately 0.8 for both electrodes. Figure 14 
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